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ABSTRACT 


For safety, buildings' structural conditions should be monitored regularly. If we can find abnormal signs, damage can be 
minimized. To know the normal condition of a building affected by weather, an inclination angle measurement system 
using a bubble tube and a focused camera has been developed. Furthermore, this system has been properly placed for 
monitoring a civic building. The inclination angle of a medium-rise building was measured. It is discovered that the daily 
cycle of the inclination angle depends naturally on solar radiation. Cyclical change of the inclination angle is conspicuous 
on a sunny day. The direct correlation between the change of the structure’s angle and the local weather was examined 
using a classification method of machine learning. The daily angle change was used as input data, while the local weather 
of the day (sunny, cloudy, and rain) was used as output classification data. The accuracy of classification using machine 
learning has reached 90%. This result shows that the change of the inclination angle has been strongly affected by solar 
radiation. It is expected that these behaviors of buildings affected by weather can be used for the health monitoring of 
buildings. 
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INTRODUCTION 


To prevent collapse or damage of building in advance, it is important to detect a sign of abnormality. For this 
purpose, the daily behavior of a building should be observed. Conditions of buildings are affected by weather or 
earthquake. If the condition of a building deviates from the normal state, we can prepare for damage prevention in 


advance. 


There are many studies on structural health monitoring of a building. Strain sensors are used to detect the 


failure of buildings! and acceleration sensors are used to detect the vibration caused by the earthquake*®. 


In this paper, we present a technique to know the daily behavior of building in a simple and low-cost way. 
For landslide prevention, we developed a method for measuring the inclination angle using a photograph of an 
extremely sensitive bubble tube has been developed” ®. We improved the system for inclination angle measurement 


of buildings. 


Tilt meters are used for geophysical research”. These tiltmeters are precise but expensive. In this paper, 


a low-cost inclination angle measurement system using bubble tubes for the building has been developed, and long- 
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term monitoring (continuous measurement of the inclination angle) of the building has been done too. The correlation 
between daily change of inclination angle and weather was evaluated by a machine learning classification algorithm. This 
paper finds that the daily cycle of inclination angle is conspicuous on a sunny day. It is explained by the thermal expansion 


of the building. The daily change of inclination angle can be used as an indicator for health monitoring of the building. 
INCLINATION ANGLE MEASUREMENT USING BUBBLE TUBE 


Figure 1 shows the concept of a measurement system using a bubble tube (bubble tiltmeter). A camera captures the image 
of a bubble tube at periodic intervals. From the center position of the bubble in the image, the inclination angle is 
calculated. The sensitivity of the system depends on the radius of curvature of the bubble tube. The bubble expands 
depending on the temperature. However, the center position of the bubble comes topping the bubble tube. Therefore, this 
method has barely been affected by temperature, and it is unaffected by electrical noise which can be a disturbance in other 


measurements. 


Camera 


Figure 1: The Concept of a Measurement System. 


Disk-shaped bubble tubes are widely used for the judgment of horizontalization. In contrast, a cylindrical bubble 
tube is used for precise measurement of the horizontal angle measurement. Although disk-shaped bubble tubes describe all 
directions, cylindrical bubble tubes include one direction. The bubble of the cylindrical tube moves along the x-direction. 


The cylindrical bubble tube is made by curving the cylindrical glass tube and it has alcohol. 


Measurement error for this method was evaluated”. This method is affected by the curvature of the bubble tube, 
the viscosity of the liquid in the bubble tube, size of the bubble, resolution of the camera, and temperature. It is difficult to 
define the precise accuracy of this system, however, angular change of fewer than 0.002 degrees can be measured. And 


developed systems had compared each other. This value is sufficient for the measurement of the building. 


A cylindrical bubble tube with a radius of curvature of 20,000 mm was used. The length and the diameter of the 


bubble tube were 120 mm and 13mm, and the length of the bubble was 50mm. 
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(a) Developed System (All System top view) (b) Bubble Tube Tiltmeter 


Figure 2: Real Photos of the Developed System and Bubble Tube Tiltmeter. 


Raspberry Pi and Pi-camera (which is a small camera module easily controlled by Raspberry Pi) were used for 
measurement. Figure 2 presents (a) the developed system, and (b) an example of a photo image that used to be as input for 
the system to read the angle. The resolution of the image is 1280*1024 pixels. The developed program is designed by 
Python. The cost of the system is approximately $150: specially ordered bubble tube is $100 and Raspberry Pi and camera 


are $50. A network connection environment is necessary additionally. 


The images were captured every 30 minutes, and their processing method was used for automatic measurement. 
Only the x-axis position of the center of the bubble is necessary. However, the length of the bubble changes. Therefore, the 


positions of the right edge and the left edges of the bubble as shown in Figure 2 were measured. 


Then two template images: the left edge and the right edge of the bubble were prepared. Template matchings for 
each edge were applied separately and the x-axis position of each edge, x1, and x2 is determined. The template matching 
was done with OpenCV. The average value of the x-axis positions of the right edge and the left edge corresponds to the 


center position of the bubble. 
The angle is calculated by the following equation: 


4 t%1 


— () 


@ is the angle of the system (radian) and R is the radius of curvature of the bubble tube. The developed system was 


calibrated by a goniometer and an acceleration sensor (ADXL355). 
CONTINUOUS MEASUREMENT OF BUILDING 


The inclination angle of the building for a long period was monitored. The developed system was set near the center of the 
seventh floor of an eight-story building of the Ibaraki University Hitachi campus. The system was fixed on the concrete 


bed. There are no worries about getting wet in the rain. 
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Figure 3: Hitachi Campus Map / Experimented Building is E5-8th Storey’. 


Figure 3 shows the campus map, E5 building which was experimented on. The bubble tube was set along the 


East-West direction. 


West 
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Figure 4: The Angular Change for February 2018. 
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Figure 5: The Power Spectrum of the Angular Change for February 2018. 
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Figure 4 shows the angular change in an east-west direction for a month. The daily cycle can be found. The 
amplitude of the daily change of angle is approximately 0.001 degree. Figure 5 shows the power spectrum of Figure 4 
There is a peak where the cycle is one day. There are lesser peaks at the second harmonics of a one-day cycle, and it is 


presented by the red arrow in Figure 5. 


The leaning of the building is caused by partial solar radiation. Figure 6 shows the concept of leaning of the 
building caused by solar radiation. The eastern side and the western side expand in the morning and the afternoon, 


respectively. 


Figure 7 shows the difference of solar radiation in sunny days and cloudy and rainy days. The sunshine is 
scattered by clouds as shown in Figure 7 (b). Therefore, the daily change of the inclination angle is unnoticeable on cloudy 


and rainy days. Generally, clouds are thick on rainy days, so the effect of solar radiation is weakened. 


Figure 8 presents an example of the angular change of sunny, cloudy, and rainy days. The cyclic change is clear 


on a sunny day. The amplitude of the daily change of the angle obtains 0.002 degrees. 


Solar radiation r \\ 


(a) Morning Time (b) Afternoon Time 


Figure 6: The Concept of Leaning of the Building Caused Solar Radiation. 


Solar radiation X 


ee 


/|\\% 


(a) Sunny Days (b) Cloudy and Rainy Days. 


Figure 7: Difference of Solar Radiation caused by Clouds. 
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Figure 8: Example of the Angular Change in 2018. 


CLASSIFICATION DATA BY MACHINE LEARNING 


If the daily change of angle of the building has a good relationship with the weather, this value may be used as one of the 
indicators for health monitoring of buildings. Unexplained angle data may imply the damage of buildings. Therefore, we 


used machine learning to evaluate the relationship between the weather and inclination angle. 


Recently, machine learning has been used in various fields related to AI (Artificial Intelligence), and it was useful 
in classification. For our case, the classification algorithm, sets of input objects, and output values are prepared. Each input 
object corresponds to an output value. The output value corresponds to the group of classification. The machine learning 
program learns the relation between input objects and output values using data sets for training. After the learning 
completes, the program can identify the category of an input object. Some machine-learning libraries, Scikit-learn, Keras, 


and TensorFlow, are available for Python programming). 


The relation between the daily angular change of the building, the weather, and the solar radiation was evaluated 
by using a machine learning program. 341 data for 2018 were prepared. The data was divided into 272 data-input for 
learning and 69 for testing the learning. The input object has 48 angle data, every 30 minutes of a day. The angle data were 


transformed to relative value, by subtracting the first angle data of the day from each angle data. The first angle data of 


each day was set to 0 degrees. 
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Table 1: Categories and Encoding Table. 















































- Day Weather Encoding 
Day Weather Encoding 
Sunny day [1,0,0] 
Sunny day [1,0] 
: Cloudy day [0,1,0] 
Cloudy day and rainy day [0,1] : 
Rainy day [0,0,1] 
(a) Two Categories Encoding (b) Three Categories Encoding 


The output categories are based on the weather of the day as sunny, cloudy, and rainy. The output value is given as 
a form of a vector, which is known as one-hot encoding as presented in Table 1 Categories and encoding table. (a) Two 


categories encoding; (b) Three categories encoding. 


Two cases of classifications: Classification to three, (sunny), (cloudy), and (rainy) and classification to two 


categories (sunny), and (cloudy or rainy) was evaluated. 


Scikit-learn and Keras for machine learning were used. In Scikit-learn, the algorithm of Support Vector Machines 
(SVM) was used. SVM is widely used for linear and non-linear classifications. Two hidden layers of 200 nodes were used 


for Scikit-learn and Keras. 


Table 2: The Accuracy of Classification 





Categories Method | 2 Sunny and (Cloudy or Rainy) | 3 Sunny, Cloudy, and Rainy 
Scikit-learn 92% (33/36) 86% (31/36) 
Keras 94% (34/36) 83% (30/36) 























Table 2 displays the result of learning. When there are two categories, the accuracy of classification is 90%. This 
result means the daily change of the building along the east-west direction is affected by solar radiation. When there are 


three categories, the accuracy of classification is 80%. 


The effects of a cloudy day and a rainy day on the inclination angle daily change were close to each other; thus, it 
is difficult to distinguish between cloudy and rainy. The difference between the accuracies of the classification by the 


Scikit-learn or Keras is small. 


We can consider the daily change of inclination angle as an indicator of the condition of the building which is 
strongly affected by the weather. If we can find unexplainable behavior, it may be a signal of failure of the building. 
However, this research work is only one example. Daily changes are variously different depending on the structure of the 


building. Further experiments on various buildings are necessary for practical applications. 


CONCLUSIONS 


An inclination angle measurement system for the building was developed. Photo images of bubble tubes were turned into 
angle data by template matching. 341 days (about 11 months) of data in 2018 (Each one-day data includes the angle of the 
building each 30 min, 48 angles a day.) was studied. It was detected that the building leans to the west in the morning and 


the east in the afternoon. This effect is noted on a sunny day. 


Obtained data were evaluated by the machine learning algorithm using python. The change of angle and the 


weather of each day were analyzed by a classification algorithm. When it was classified into 2 groups, the accuracy of 
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classification reached 90%. This indicates that the movement of buildings is affected by the weather. The daily change of 
inclination angle is expected to be used as an indicator for the health monitoring of buildings. It is expected that faults in 


the building structure will be found from the unexplainable change of inclination angle. 
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